The engineering of flowering agricultural field borders has emerged as a research and policy priority to mitigate threats to pollinators. Studies have, however, rarely addressed the potential that flowering field borders might compete with neighboring crops for pollinator visits if they both are in bloom at the same time, despite this being a concern expressed by growers. We evaluated how wildflower plantings added to orchard borders in a large (512 ha) commercial almond orchard affected honey bee and wild bee visitation to orchard borders and the crop. The study was conducted over two consecutive seasons using three large (0.48 ha) wildflower plantings paired with control orchard borders in a highly simplified agricultural landscape in California. Honey bee (Apis mellifera L.) and wild bee visitation to wildflower plots were at least an order of magnitude higher than to control plots, but increased honey bee visitation to wildflower plots did not lead to any detectable shifts in honey bee visitation to almond flowers in the neighboring orchard. Wild bees were rarely observed visiting almond flowers irrespective of border treatment, indicating a limited short-term potential for augmenting crop pollination using wild bees in highly simplified agricultural landscapes. Although further studies are warranted on bee visitation and crop yield from spatially independent orchards, this study indicates that growers can support bees with alternative forage in almond orchards without risking competition between the wildflower plantings and the crop.
presence and behavior, especially in crops that are primarily pollinated by managed honey bees, is needed to assure growers of its practicality and viability.
Competition for pollinators between coflowering plants has been of interest to ecologists for over a century, but has focused mainly on natural ecosystems (Mitchell et al. 2009 ). Compared with relatively rare flowering plants (e.g., wildflowers in field borders), a dominant plant species (e.g., a mass flowering crop) is theoretically less likely to suffer from competition for pollinators that results in adverse impacts on plant reproduction (Levin and Anderson 1970 , see also Holzschuh et al. 2011) . It is possible, however, that rare plants may compete with dominant flowering plants if they are highly attractive. Almond, Prunus dulcis (Miller) D.A. Webb, production in California is well suited to explore competition for pollinators between wildflower plantings and crops. Almond production in California occupies over 350,000 hectares (Almond Board of California [ABC] 2015) . Managed honey bees are the principal pollinators of almonds, and orchards are generally stocked densely with bees at $5 hives per hectare. Much of the almond production occurs in California's Central Valley in areas with little or no surrounding natural habitat, and almond bloom occurs in early spring when few other flowering resources are available as bee forage. Adding floral resources in such landscapes with very high numbers of managed bees, but little alternative foraging resources, offers suitable conditions to study competition between wildflower plantings and crops.
The objective of this study was to evaluate whether the addition of wildflower plantings tailored to provide early season bloom affects honey bee and wild bee visitation patterns in neighboring almond orchards. Specifically, we evaluate 1) bee visitation to wildflower plantings and to unplanted, i.e., control, orchard borders before, during, and after almond bloom and 2) bee visitation to almond flowers in trees at edges and interior parts of the orchard that are bordered by the wildflower or control plots.
Materials and Methods

Study Design
This study was conducted in 2014-2016 in a single 512-ha (3.2 km long north to south and 1.6 km east-west) contiguous almond orchard near Lost Hills, CA (Kern County). The almond orchard was planted in 2005 and had almond varieties 'Monterey' and 'Nonpareil' in alternating north-south rows. It was surrounded by almond and pistachio orchards or fallow land, with no natural habitat within 3 km. Honey bees arrived in the orchard prior to bloom, stocked at a rate of 4.4 (2015) or 5.0 hives per hectare (2016). The slightly higher stocking rate in 2016 was owing to predicted inclement weather during almond bloom. Hives were distributed in groups of 24 and placed 200-300 m apart along intersecting dirt roads throughout the orchard.
Along the western border of this orchard, three large wildflower plots were established. Wildflower seeds were planted in autumn 2014 (early November) and 2015 (early October) and were a mix of seven annual plant species native to California-Calandrinia ciliata (Ruiz & Pavon) de Candolle, Collinsia heterophylla Buist ex Graham, Eschscholzia californica Chamisso, Nemophila maculata Bentham ex Lindl, Nemophila menziesii Hooker & Arnott, Phacelia campanularia A. Gray, and Phacelia ciliata Bentham. Plant selection was based on pilot trialing of each species' bee attractiveness and ability to provide bloom around the time of almond bloom (K.L.W, unpublished data). Plantings were irrigated after seeding until March (2015) or February (2016) to promote establishment.
Wildflower plantings were 200 by 24 m (0.48 ha) each (Fig. 1) , and located 800 m from one another. Each wildflower plot was paired with a control plot, located 200 m north of it on the fallow orchard border and with the same dimensions as wildflower plots. The control plots were unplanted and unmanaged, and they contained low numbers of spring flowering plants typical for the area (see Results). Each paired replicate of wildflower and control plot was separated from the next replicate by 400 m. We acknowledge that both the distances between wildflower and control plots within and between pairs are much shorter than the maximum foraging distances of honey bees (Beekman and Ratnieks 2000) and many wild bees (Greenleaf et al. 2007 ). However, honey bees generally forage within 0-200 m from the hive in almond orchards as long as stocking rates are uniformly high (Gary et al. 1976 ), as in our study. We, therefore, expect that most bee foraging occurred within a single replicate. The restriction of this study to a single, large orchard, moreover, ensured uniform orchard and beekeeping practices.
We measured floral areas and visitation by honey bees and wild bees in wildflower and control plots before, during, and after almond bloom. We also measured honey bee and wild bee visitation to almond flowers in orchard sections next to each wildflower and control plot during almond bloom. Floral area and visitation data from the wildflower and control plots were collected during five sample rounds each year-once in the week prior to almond bloom, three times, approximately weekly, during almond bloom, and once in the week after almond bloom. Visitation data from almond was collected three times, approximately weekly, during crop bloom in each year. Sampling dates ranged from 9 February to 10 March in 2015 and from 29 January to 9 March in 2016. All bee visitation data were collected on days that were sunny or brightly overcast, with average winds <3.5 m/s. Temperature during bee sampling was always at least 15 C. Each sample round included two sampling periods, one early in the day (occurring 0940-1400 hours) and one later in the day (occurring 1200-1650 hours). A sample round could either start with a late sample on one day followed by an early sample on the following day, or start with an early sample followed by a late sample on the same day. Data were taken later in the day on days when mornings were chilly and foggy. Our definitions of early and late in the day are mainly biological, representing an early and late time point in daily bee activity. Honey bee hives were present in the focal orchard during all sample rounds. 
Floral Area in Orchard Borders
Floral areas were surveyed to determine if the abundance and plant species identity of floral resources differed between wildflower and control plots. For each sample round, two 50-by 2-m transects were placed randomly in each of the wildflower and control plots. Numbers of flowers were counted by species in each of the ten 1-m 2 quadrats along each transect. Floral area was determined using methods described in Williams et al. (2015) ; the diameter (actinomorphic flowers) or length and width (zygomorphic flowers) of 5-10 flowers were measured to calculate the average floral area per flower per plant species. Average floral area per flower was multiplied by species-specific flower counts in each transect and then averaged across the two transects to determine average floral area per plot and sample round.
Bee Visits in Orchard Borders
Bee visitation data were collected to determine if wildflower plots were differentially attractive to foraging bees compared with control plots. Honey bee and wild bee visitation to flowers in wildflower and control plots were recorded along two 50-m transects at each sample round. The observer slowly walked along each transect for 10 min of active observation. During this time, the observer counted honey bees and wild bees landing on reproductive structures of flowers that fell within 1 m of one side of each transect (transect side was chosen at random). Both transects were sampled early and late in the day each sample round within a 24-h period (as described above), and the alternate side of each transect was sampled during the second observational time period. Wild bees observed visiting reproductive structures of flowers were collected with a hand net and identified to species, or the lowest taxonomic level feasible, in the laboratory. Honey bee and wild bee counts were averaged across the two transects.
Bee Visits to Almond
Honey bee and wild bee visitation to almond flowers was observed to determine whether wildflower plantings altered bee visitation to the neighboring orchard. Counts of honey bee and wild bee visits to flowers were made at five trees in the second tree row ($8 m from the orchard edge) and five trees in the 10th tree row ($60 m from the orchard edge) next to each of the wildflower and control plots. An observer walked around each tree (var. Nonpareil) for 60 s and counted honey bees and wild bees visiting almond flowers. Counts were repeated early and late in the day each sample round at the same time as observations were being made in wildflower and control plots. Relative bloom by tree was determined each sample round by counting the number of open flowers in four cube-shaped quadrats (side length 0.33 m) placed in the tree canopy. Tree size was relatively uniform throughout the orchard (tree crown diameter 5.4-6.2 m, tree height 4.7-6.3 m, n ¼ 10). Therefore, we assumed that the average number of open almond flowers per cube was proportional to the total number of open flowers in a tree. Bee and flower counts were averaged across the five trees surveyed per row as well as across sample rounds.
Statistical Analyses
All analyses were conducted using general linear mixed models in Proc Mixed, SAS 9.4 for Windows (SAS, Cary, NC). Transformations were performed to achieve approximate normal distribution of residuals. Models were sequentially simplified by stepwise backward elimination of nonsignificant (P > 0.05) factors. Test statistics for significant factors are from simplified models, whereas tests statistics for nonsignificant factors are from simplified models with the factor added back in. Degrees of freedom were estimated with the Kenward-Roger method (Littell et al. 2006) .
To determine if the amount of floral resources differed between wildflower and control plots, floral area (square root transformed) was analyzed with year and treatment (wildflower or control) as fixed factors added to the model. Sample round was specified as a repeated factor, with the treatment (wildflower or control plot) nested within the replicate and year specified as the subject, and with the covariance structure specified to compound symmetry. The interaction between treatment and sample round was added to test if differences in floral area varied over the season. The replicate pair of wildflower and control plots nested within year was specified as a random factor. The model for floral area had 60 observations (3 replicates Â 2 treatments Â 5 sample rounds Â 2 years).
To determine if honey bee visitation rates differed between wildflower and control plots, and whether differences varied over the season, honey bee counts per transect (log10 x þ 0.5 transformed) were analyzed in the model described above with the following modifications-time of day (early or late) was added to the model as a fixed factor, as well as the interaction between treatment and time of day. Sample round was kept as a repeated factor, but the subject was modified to time of day nested within treatment, replicate, and year. Additional random factors were treatment nested within replicate and year, and sample round nested within treatment, replicate, and year. The model for honey bee visitation to orchard borders had 120 observations (3 replicates Â 2 treatments Â 5 sample rounds Â 2 times of day Â 2 years).
To determine if wild bee visitation differed between wildflower and control plots, the number of wild bees caught per transect (log10 x þ 0.05 transformed), averaged over both time of day and across sample rounds, was analyzed in a model with only year and treatment as fixed factors, and the replicate pair of wildflower and control plots nested within year as a random factor. The simplified modeling approach for wild bees in field borders was used owing to the low numbers of wild bees caught per transect. The model for wild bee visitation to orchard borders had 12 observations (3 replicates Â 2 treatments Â 2 years).
To determine if bee visitation rates to almond flowers differed next to wildflower and control plots, number of honey bee visits per tree (square root transformed) was analyzed in a model with treatment (wildflower or control), year, orchard row (2 or 10), and time of day (early or late) added as fixed factors. The recorded number of open almond flowers per cube was added as a covariate.
Interactions were added to test if the effect of the wildflower plantings differed between the orchard edge and interior (treatment Â row interaction) or between early or late in the day (treatment Â time of day interaction). The replicate pair of wildflower planting and control plots nested within year, treatment nested within replicate and year, and orchard row nested within treatment, replicate, and year, were specified as random factors. The model for honey bee visitation to almond had 48 observations (3 replicates Â 2 treatments Â 2 orchard rows Â 2 times of day Â 2 years). Wild bee visitation data to almond flowers were too sparse to analyze statistically (see Results).
Results
Floral Area in Wildflower and Control Plots
The wildflower plantings had higher floral area compared with the control orchard borders (F 1,5 ¼ 116.64, P ¼ 0.0001), and this effect was stable across sample rounds (no sample round Â treatment interaction, F 4,40 ¼ 1.05, P ¼ 0.39; Fig. 2a ). Floral area varied between sample rounds (F 4,44 ¼ 8.46, P < 0.0001) and peaked in mid-to late almond bloom ( Fig. 2a ). Floral area did not differ significantly among years (F 1,4 ¼ 0.02, P ¼ 0.91). The majority of the floral area in the wildflower plantings was provided by P. ciliata (96%). Most of the floral area in the control orchard borders was provided by Amsinckia intermedia 
Bee Visits in Wildflower and Control Plots
We recorded 19,384 honey bees and 72 wild bees visiting the orchard borders over a total of 40 h of observation in both years combined. Honey bee visitation to wildflower plantings was higher than to control plots (F 1,5 ¼ 333.98, P < 0.0001), and this effect was stable across sample rounds (no sample round Â treatment interaction, F 4,40 ¼ 1.52, P ¼ 0.21). Honey bee visitation was not significantly affected by the time of day (F 1,10 ¼ 2.25, P ¼ 0.16), but the treatment effect was modified by the time of day (time of day Â treatment interaction F 1,10 ¼ 6.24, P ¼ 0.032), such that visitation rates dropped late in the day in control plots, whereas they remained high throughout the day in wildflower plots (Fig. 2b) . Honey bee visitation differed between sample rounds (F 4,44 ¼ 6.97, P ¼ 0.0002), with higher visitation late in the season (Fig. 2b) . Honey bee visitation did not differ significantly among years (F 1,4 ¼ 0.00, P ¼ 0.96). The majority of the honey bee visits in the wildflower plantings were to P. ciliata (n ¼ 18,103; 99%), whereas most of the honey bee visits in the control plots were to A. intermedia (n ¼ 723; 70%), Brassica spp. (n ¼ 162; 16%), S. irio (n ¼ 84; 8%), and Erodium sp. (n ¼ 60; 6%).
Wild bee visitation was higher in the wildflower plots compared with control plots (F 1,5 ¼ 128.63, P < 0.0001, back-transformed least square mean and 95% confidence interval for wildflower-0.52 wild bees per transect, 0.33-0.79, control-0.03 wild bees per transect, 0.00-0.07). A species list is provided in Supp. Table 1 (online  only) . Wild bee visitation did not differ significantly among years (F 1,4 ¼ 1.20, P ¼ 0.34). The majority of wild bee visits in the wildflower plantings were also to P. ciliata (n ¼ 55; 81%) followed by S. irio (growing as a weed in the plantings, n ¼ 11; 16%). The few visits by wild bees in the control plots were to A. intermedia (n ¼ 2; 50%), S. irio (n ¼ 1; 25%), and Caulanthus lassiophyllus (Hooker & Arnott) Payson (n ¼ 1; 25%).
Bee Visits to Almond
We recorded 6,428 honey bees and 2 wild bees (both observed at row 2 next to a wildflower planting) visiting almond flowers over a total of 12 h of observation in both years combined. All test statistics and estimates for honey bee visitation are presented in Table 1 . The number of honey bee visits to almond was not significantly affected by the presence of a wildflower planting, nor did the effect of the wildflower plantings differ between orchard edge and interior (no treatment Â row interaction) or between early or late in the day (no treatment Â time of day interaction; Table 1 ). Honey bee visits to almond trees were higher in 2015 compared with 2016, positively affected by tree bloom, and higher in the outer part of the orchard (row 2) compared with in the interior (row 10; Table 1 ; Fig. 3 ). Honey bee visits did not differ significantly early versus late in the day (Table 1) .
Discussion
Here, we report that wildflower plantings next to almond orchards are attractive to honey bees and wild bees, but do not detract from visits to almond flowers. The high honey bee visitation rates to the plantings, especially outside the period of crop bloom when little other forage is available, suggest benefits of wildflower plantings in almond orchards for honey bees. Such benefits may include the ability to support or increase population size before and after almond bloom, and increase their resistance to harmful effects of pesticides and pathogens through a more diverse diet (Di Pasquale et al. 2013, Year 130.98 1,6.37 <0.0001 2015 12.6 (10.6-14.7) 2016 2.5 (1.7-3.5) Flowers 16.8 1,16.8 0.0006 -0.04 (0.009) Treatment (t) 0.07 1,4.58 0.80 Wildflower 6.5 (5.6-7.6) Control 6.6 (5.6-7.7) Row (r) 7.01 1,10.7 0.023 2 7.3 (6.3-8.5) 10 5.8 (4.9-6.9) Time of day (td) 0.48 1,23 0.45 Early 6.7 (5.7-7.8) Late 6.4 (5.5-7.5) t Â r 2.19 1,9.65 0.17 t Â td 1.40 1,22 0.25
Estimated numbers are back-transformed means with 95% confidence intervals in parentheses, with the exception for the covariate "flowers," where the slope and its standard error are presented on the original scale. Significant results are indicated in bold. See text for further explanation of variables tested. Schmehl et al. 2014 , Vaudo et al. 2015 , which are topics that merit future study. High rates of honey bee visitation to wildflower plantings compared with unmanaged orchard borders did not lead to any detectable shifts in visitation to neighboring almond orchard sections during crop bloom, whereas wild bees were rarely seen visiting the crop, irrespective of border treatment. We conclude that wildflower plantings are not likely to compete with almond for honey bee visits. This addresses a concern raised by almond growers and indicates that alternative flowering resources can be added to almond orchards, even during almond bloom, without jeopardizing crop pollination.
We suggest two explanations as to why wildflowers and almond flowers might not compete for honey bee visits. One is that wildflower plantings might increase bee foraging activity overall (crop and noncrop visitation combined), such that visitation to noncrop plants in the borders increase when wildflower plantings are added without affecting crop visitation. The second explanation is that the loss of foragers from the crop to the wildflower plantings might be negligible because the crop resource is large relative to the noncrop resource. Our results are similar to those of an earlier study that showed that the presence of a seminatural strip with shrubby riparian vegetation next to almond orchards did not have any detectable effects on honey bee crop visitation frequencies in either the outer or inner parts of almond orchards (Klein et al. 2012 ; for edge effects on pollinators in almond see also Saunders and Luck 2014) . A recent study from agroforestry gardens in Egypt found that flowering ground vegetation (vegetables, herbs, and weeds) increased honey bee and wild bee activity as well as almond fruit set in the gardens (Norfolk et al. 2016) . Although not statistically significant, the direction of results for honey bees in our study is similar, with the highest honey bee visitation to almond trees closest to the wildflower plantings.
Honey bee visitation rates also were not modified by the time of day in wildflower plots, nor in the nearby almond orchard. This suggests that there is no clear switching among honey bees during the course of the day between foraging on almond flowers and on wildflowers. The only effect found of the time of day factor was that visitation dropped late in the day in control plots. This might be because of diminishing resources late in the day in control plots. For example, we noticed that Erodium sp. flowers often were open only early in the day, and all visits to this plant in the control plots were observed before 1300 hours. We also found an unexpected effect of the study year, with overall lower visitation rates to almond flowers in 2016, despite high visitation to the wildflower plantings in both years. This outcome cannot be explained by obvious differences in weather during sampling or crop bloom timing and duration. As we only surveyed the almond variety Nonpareil, we speculate that there might have been differences in bloom sequence or pollen or nectar rewards for the different almond varieties in the orchard between years, causing bees to focus foraging on Monterey trees during Nonpareil bloom in 2016. Variation between years in the source of honey bees might also have played a role. The higher honey bee visitation at the edge (row 2) compared with in the interior of the orchard (row 10) irrespective of the border treatment, and after controlling for crop bloom, might have been caused by variation in abiotic conditions, such as increased light or temperature at the orchard edge.
We acknowledge some limitations in our study. First, because of low replication, we had limited statistical power to detect differences between treatments. Plausible differences between treatments might further have been obscured by the fact that honey bees from hives located in all treatments could have visited the wildflower plantings, although at a higher relative foraging cost for bees by the control plots. Similar future studies should, therefore, be conducted at spatially independent orchards, with and without wildflower plantings. Further, we only measured bee visitation rates and did not measure outcomes related to the quality of bee visits or crop yield. We cannot rule out, for example, that the wildflower plantings affect the proportion of honey bees collecting pollen versus nectar on almond, which might affect pollination efficiency (Bosch and Blas 1994) or increase heterospecific pollen transfer to almond flowers. We think, however, that these plausible effects will be of minor importance because 1) the majority of honey bees on a large-scale commercial orchard forage on almond flowers, not on the wildflowers; and 2) honey bees often focus on one flowering plant species in a single foraging trip (Free 1963) , reducing the likelihood of heterospecific pollen transfer.
Wild bees can play an important role for crop pollination in almond production landscapes that are less intensively managed compared with the highly simplified landscape in our study (Klein et al. 2012; Brittain et al. 2013a,b; Saunders 2016) . We found that wild bees increased from being nearly absent in control plots to present in low numbers in wildflower plots, which suggests some benefit of planting habitat for bee conservation even in intensively managed almond production landscapes. Moreover, the wildflower plantings were dominated by a single plant species (P. ciliata), and a more diverse planting might have been more attractive to wild bees. However, almond also blooms very early in growing season when wild bee populations are modest and bee diversity low throughout the region (N.M.W, unpublished data, but see Klein et al. 2012) . The low number of wild bees in the almond orchard, regardless of the border treatment, indicates a limited scope of augmenting crop pollination using wild bees in the short term in areas with little or no natural habitat remaining. We cannot exclude, however, that wild bee populations might be capable of providing significant contributions to crop pollination even in intensively managed landscapes if the plantings are retained for multiple seasons such that their population could increase M'Gonigle 2015, M'Gonigle et al. 2015) . Our results may be explained by the intermediate landscape complexity hypothesis, stating that local conservation measures will be less effective in intensively managed ("cleared") landscapes owing to a lack of source populations (Tscharntke et al. 2012) . For this reason, we suggest further studies on wildflower plantings for almond in landscapes that have larger source populations of wild bees than those in our study. Such studies should also evaluate whether wildflower plantings might compete with almond for visits by wild bees, which is a question that our study could not answer. Diversified pollination strategies in cleared almond production landscapes might instead primarily be realized by using wildflower plantings to support alternative managed pollinator species, particularly blue orchard bees (Artz et al. 2013) , along with honey bees.
